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Abstract
We study the one-loop electroweak radiative corrections to h0 → bb¯ and h0 → τ+τ−
in the framework of two Higgs doublet Model (2HDM). We evaluate the deviation of
these couplings from their Standard Model (SM) values. h0 → bb¯ and h0 → τ+τ− may
receives large contribution from triple Higgs couplings h0H0H0, H0h0h0, h0A0A0 and
h0H+H− which are absent in the Standard Model. It is found that in 2HDM, these
corrections could be significant and may reach more than 12% for not tow heavy H0
or A0 or H±. We also study the ratio of branching ratios R = BR(h0 → bb¯)/BR(h0 →
τ+τ−) of Higgs boson decays which could be used to disentangle SM from other models
such as 2HDM.
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1 Introduction
A Higgs-like particle has been discovered in the first run of the LHC with 7 and 8 TeV
energy in 2012 [1, 2]. The combined measured Higgs boson mass obtained by the ATLAS
and CMS collaborations based on the data from 7 and 8 TeV is mh = 125.09 ± 0.21 (stat.) ±
0.11 (syst.) GeV [3]. ATLAS and CMS also performed several Higgs coupling measurements,
such as Higgs couplings to W+W−, ZZ, γγ, bb¯ and τ+τ− with 20-30% uncertainty, while the
coupling to bb¯ still suffers from a large uncertainty of 40− 50%. One of the tasks of the new
LHC run at 13 TeV (and 14 TeV) would be to improve all the aforementioned measurements
and to perform new ones such as accessing h0 → γZ as well as the triple self-coupling of the
Higgs boson. It is expected that the new LHC run will pin down the uncertainty in h0 → bb¯
and h0 → τ+τ− to 10-13% and 6-8% for bottom quarks and tau leptons, respectively. These
measurements will be further ameliorated by the High Luminosity option for the LHC (HL-
LHC) down to uncertainties of 4-7% for b quarks and 2-5% for τ leptons [4]. Moreover, in
the clean environment of the e+e− Linear Collider (LC), which can act as a Higgs factory,
the uncertainties on h → bb¯ and h0 → τ+τ− would be much smaller reaching 0.6% for the
couplings in h0 → bb¯ and 1.3% for those in h0 → τ+τ− [5, 6].
The above accuracies on fermionic Higgs decay measurements, if reached, are of the size
comparable to the effects of radiative corrections to some Higgs decays. Therefore, one
can use these radiative correction effects to distinguish between the Standard Model (SM)
and various beyond-standard models. In this respect, precise calculations of Higgs-boson
production and decay rates have been performed already quite some time ago with great
achievements (see e.g. [7, 21]). QCD corrections to Higgs decays into quarks are very well
known up to O(α3s) as well as additional corrections at O(α2s) that involve logarithms of the
light-quark masses and also heavy top contributions [7]. Electroweak radiative corrections to
fermionic decays (bb¯ and τ+τ−) of the Higgs boson in the SM are also well established [9–11]
in the on-shell scheme. In the framework of the Two-Higgs-Doublet Model (2HDM), several
studies have been carried out to evaluate the electroweak corrections to fermionic Higgs
decays [12,13]. The calculation of Ref. [12] is done in the on-shell scheme except for the Higgs
field renormalization where the MS subtraction has been used, while the one of Ref. [13] is
performed using the on-shell renormalization scheme of [15].
In this paper, we will study the effects of electroweak radiative corrections to h0 → bb¯
and h0 → τ+τ− decays in the 2HDM taking into account theoretical constraints as well as
experimental restrictions from recent LHC data and other experimental results. For h0 → bb¯
we will update our results from [12] while for h0 → τ+τ− we will compute these effects
for the first time following the same renormalization procedure described in [12]. Similar
studies have been performed in [16, 17] to which we will compare our results. We will also
use our calculations to evaluate the ratio of branching fractions of Higgs decays in the 2HDM
[18,19],
R =
BR(h0 → bb¯)
BR(h0 → τ+τ−) . (1)
Such a ratio of Higgs boson decay widths is independent of the production process and
therefore is insensitive to higher-order QCD corrections and also to new physics effects that
may affect the production rate of the Higgs. This ratio has also the particularity of being
1
less sensitive to the systematic errors (which drop out in the ratio) and could be used to
discriminate the SM against other models such as 2HDM or supersymmetric models.
The paper is organized as follows. In Section 2 we review the Yukawa textures, scalar
potential and Higgs self-couplings of the 2HDM model, as well as the theoretical and ex-
perimental constraints on the model. Section 3 outlines the calculation and specifies the
renormalization scheme we will be using. The numerical results are presented in Section 6.
Finally, we conclude in Section 6.
2 The 2HDM model
2.1 Yukawa textures
In the 2HDM, fermion and gauge boson masses are generated from two Higgs doublets Φ1,2
where both of them acquire vacuum expectation values v1,2. If both Higgs fields couple to
all fermions, Flavor Changing Neutral Currents (FCNC) are generated which can invalidate
some low energy observables in B, D and K physics. In order to avoid such FCNC, the
Paschos-Glashow-Weinberg theorem [20] proposes a Z2 symmetry that forbids FCNC cou-
plings at the tree level. Depending on the Z2 assignment, we have four type of models [21,22].
In the 2HDM type-I model, only the second doublet Φ2 interacts with all the fermions like in
SM. In 2HDM type-II model the doublet Φ2 interacts with up-type quarks and Φ1 interacts
with the down-type quarks and charged leptons. In 2HDM type-III, charged leptons couple
to Φ1 while all the quarks couple to Φ2. Finally, in 2HDM type IV, charged leptons and
up-type quarks couple to Φ2 while down-type quarks acquire masses from their couplings to
Φ1.
The most general Yukawa interactions can be written as follows,
−L2HDMYukawa = QLYuΦ˜2uR +QLYdΦddR + LLY`Φ``R + h.c, (2)
where Φd,l (d, l = 1, 2) represents Φ1 or Φ2 and Yf (f = u, d or `) stands for Yukawa matrices.
The two complex scalar SU(2) doublets can be decomposed according to
Φi =
 φ+i
(vi + ρi + iηi)
/√
2
 , i = 1, 2, (3)
where v1,2 are the vacuum expectation values of Φ1,2. The mass eigenstates for the Higgs
bosons are obtained by orthogonal transformations, φ±1
φ±2
 = Rβ
 G±
H±
 ,
 ρ1
ρ2
 = Rα
 H0
h0
 ,
 η1
η2
 = Rβ
 G0
A0
 , (4)
with the generic orthogonal matrix
Rθ =
 cos θ − sin θ
sin θ cos θ
 .
2
type ξh
0
u ξ
h0
d ξ
h0
l ξ
H0
u ξ
H0
d ξ
H0
l ξ
A0
u ξ
A0
d ξ
A0
l
I cα/sβ cα/sβ cα/sβ sα/sβ sα/sβ sα/sβ cot β − cot β − cot β
II cα/sβ −sα/cβ −sα/cβ sα/sβ cα/cβ cα/cβ cot β tan β tan β
III cα/sβ cα/sβ −sα/cβ sα/sβ sα/sβ cα/cβ cot β − cot β tan β
IV cα/sβ −sα/cβ cα/sβ sα/sβ cα/cβ sα/sβ cot β tan β − cot β
Table 1: Yukawa coupling coefficients of the neutral Higgs bosons h0, H0, A0 to the up-quarks,
down-quarks and the charged leptons (u, d, `) in the four 2HDM types.
From the eight fields initially present in the two scalar doublets, three of them, namely
the Goldstone bosons G± and G0, are eaten by the longitudinal components of W± and Z,
respectively. The remaining five are physical Higgs fields, two CP-even H0 and h0, a CP-odd
A0, and a pair of charged scalars H±.
Writing the Yukawa interactions eq. (2) in terms of mass eigenstates of the neutral and
charged Higgs bosons yields
−L2HDMYukawa =
∑
f=u,d,`
mf
v
(
ξh
0
f ffh
0 + ξH
0
f ffH
0 − iξA0f fγ5fA0
)
(5)
+
{√
2Vud
v
u
(
muξ
A0
u PL +mdξ
A0
d PR
)
dH+ +
√
2m`ξ
A0
`
v
νL`RH
+ + h.c
}
,
where v2 = v21 + v
2
2 = (
√
2GF )
−1; PR and PL are the right- and left-handed projection op-
erators, respectively. The coefficients ξh
0
f , ξ
H0
f and ξ
A0
f (f = u, d, l) in the four 2HDM types
are given in the Table 1.
2.2 Scalar potential and self-coupling of the Higgs bosons
The most general 2HDM scalar potential which is invariant under SU(2)L ⊗ U(1)Y and
possesses a soft Z2 breaking term (m
2
12) [21–23] can be written in the following way,
V2HDM = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 −m212
(
Φ†1Φ2 + Φ
†
2Φ1
)
+
λ1
2
(Φ†1Φ1)
2 +
λ2
2
(Φ†2Φ2)
2
+λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4
∣∣∣Φ†1Φ2∣∣∣2 + λ52
{(
Φ†1Φ2
)2
+
(
Φ†2Φ1
)2}
. (6)
Hermiticity of the potential requires m211, m
2
22 and λ1,2,3,4 to be real, while m
2
12 and λ5 could
be complex in case one would allow for CP violation in the Higgs sector. In what follows we
assume that there is no CP violation, which means m212 and λ5 are taken as real.
From the above potential, Eq. (6), we can derive the triple Higgs couplings, needed for
the present study as a function of the 2HDM parameters mh0 , mH0 , mA0 , mH± , tan β, α
3
and m212. These couplings follow from the scalar potential and are thus independent of the
Yukawa types used; they are given by
λ2HDMh0h0h0 =
−3g
2mW s22β
[
(2cα+β + s2αsβ−α)s2βm2h0 − 4c2β−αcβ+αm212
]
λ2HDMH0h0h0 = −
1
2
gcβ−α
mW s22β
[
(2m2h +m
2
H0)s2αs2β − 2(3s2α − s2β)m212
]
λ2HDMh0H0H0 =
1
2
gsβ−α
mW s22β
[
(m2h0 + 2m
2
H0)s2αs2β − 2(3s2α + s2β)m212
]
λ2HDMh0H±H∓ =
1
2
g
mW
[
(m2h0 − 2m2H±)sβ−α −
2cβ+α
s22β
(m2hs2β − 2m212)
]
λ2HDMh0A0A0 =
1
2
g
mW
[
(m2h − 2m2A0)sβ−α −
2cβ+α
s22β
(m2hs2β − 2m212)
]
, (7)
with the W boson mass mW and the SU(2) gauge coupling constant g. We have used the
notation sx and cx as short-hand notations for sin(x) and cos(x), respectively. The mixing
angle β is defined by via tan β = v2/v1, where vi are the vacuum expectation values of the
Higgs fields Φi.
It has been shown that the 2HDM has a decoupling limit which is reached for cos(β−α) =
0 and mH0,A0,H±  mZ [23]. In this limit, the coupling of the CP-even h0 to SM particles
completely mimic the SM Higgs couplings including the triple coupling h0h0h0. Moreover,
the model possesses also an alignment limit [24], in which one of the CP-even Higgs bosons
h0 or H0 looks like SM Higgs particle if sin(β − α)→ 1 or cos(β − α)→ 1.
In the limit α = β − pi/2 (which will be used for our numerical analysis) the above triple
Higgs couplings reduce to the simplified form
λ2HDMh0h0h0 =
−3g
2mW
m2h0 = λ
SM
hhh,
λ2HDMH0h0h0 = 0,
λ2HDMh0H0H0 =
g
mW
[(
2m212
s2β
−m2H0
)
− m
2
h0
2
]
,
λ2HDMh0H±H∓ =
g
mW
[(
2m212
s2β
−m2H±
)
− m
2
h0
2
]
,
λ2HDMh0A0A0 =
g
mW
[(
2m212
s2β
−m2A0
)
− m
2
h0
2
]
, (8)
where we can see that in the degenerate case, mH± = mH0 = mA0 = mS, all triple Higgs
couplings h0H0H0, h0A0A0 and h0H±H∓ have the same expression, labeled by h0SS,
λ2HDMh0SS =
g
mW
[(
2m212
s2β
−m2S0
)
− m
2
h0
2
]
. (9)
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2.3 Theoretical and experimental constraints
The 2HDM has several theoretical constraints which we briefly address here. In order to
ensure vacuum stability of the 2HDM, the scalar potential must satisfy conditions that
guarantee that its bounded from below, i.e. that the requirement V2HDM ≥ 0 is satisfied for
all directions of Φ1 and Φ2 components. This requirement imposes the following conditions
on the coefficients λi [25, 26]:
λ1 > 0 , λ2 > 0 , λ3 + 2
√
λ1λ2 > 0 , λ3 + λ4 − |λ5| > 2
√
λ1λ2. (10)
In addition to the constraints from positivity of the scalar potential, there is another set of
constraints by requiring perturbative tree-level unitarity for scattering of Higgs bosons and
longitudinally polarized gauge bosons. These constraints are taken from [27, 28]. Moreover,
we also force the potential to be perturbative by imposing that all quartic coefficients of the
scalar potential satisfy |λi| ≤ 8pi (i = 1, ..., 5).
Besides these theoretical bounds, we have indirect experimental constraints fromB physics
observables on 2HDM parameters such as tan β and the charged Higgs boson mass. It is
well known that in the framework of 2HDM-II and IV, for example, the measurement of
the b → sγ branching ratio requires the charged Higgs boson mass to be heavier than
580 GeV [29,30] for any value of tan β ≥ 1. Such a limit is much lower for the other 2HDM
types [31]. In 2HDM-I and III, as long as tan β ≥ 2, it is possible to have charged Higgs
bosons as light as 100 GeV [31, 32] while being consistent with all B physics constraints as
well as with LEP and LHC limits [33–38].
We stress in passing that after the Higgs-like particle discovery, several theoretical studies
have performed global-fit analyses for the 2HDM to pin down the allowed regions of param-
eter space both for a SM-like Higgs h0 [39] as well as for a SM-like Higgs boson H0 [40].
Table 2: Combined best-fit signal strengths µ̂1 and µ̂2 and the associated correlation coeffi-
cient ρ for corresponding Higgs decay mode [41].
f µ̂f1 µ̂
f
2 ± 1σ̂1 ± 1σ̂2
γγ 1.16 0.18 0.16 0.7
ZZ∗ 1.70 0.3 0.4 1.20
WW ∗ 0.98 1.28 0.28 0.55
τ+τ− 2 1.24 1.50 0.59
bb¯ 1.11 0.92 0.65 0.38
Moreover, we take into account experimental data from the observed cross section times
branching ratio divided by SM predictions for the various channels, i.e. the signal strengths
of the Higgs boson defined by
µfi =
σ(i→ h0)2HDMBr(h0 → f)2HDM
σ(i→ h0)SMBr(h0 → f)SM , i = 1, 2 (11)
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where σ(i → h0) denotes the Higgs-boson production cross section through channel i and
Br(h0 → f) is the branching ratio for the Higgs decay h0 → ff¯ . Since several Higgs
production channels are available at the LHC, they are grouped to be µf1 = µ
f
ggF+tth0 and
µf2 = µ
f
V BF+V h0 , containing gluon fusion (ggF) plus associated Higgs production tt¯h
0, and
vector boson fusion (VBF) plus Higgs-strahlung V h0 with V = Z/W . We summarize relevant
signal strengths associated to each Higgs production and decay channels in Table 2 with the
overall combinations obtained by the ATLAS and CMS collaborations.
3 One-loop calculation and renormalization scheme
Calculations of higher order corrections in perturbation theory in general lead to ultra-violet
(UV) divergences. The standard procedure to eliminate these UV divergences consists in
renormalization of the bare Lagrangian by redefinition of couplings and fields. In the SM,
the on-shell renormalization scheme is well elaborated [42–44]. For the 2HDM, several ex-
tensions of the SM renormalization scheme exist in the literature [12, 13, 15, 45]. Recently,
gauge independent renormalization schemes have been proposed [46,47], with e.g. MS renor-
malization for the mixing angles and the soft Z2 breaking term in the Higgs sector [47]. In
the present study, we adopt the on-shell renormalization scheme used also in [12], which is
an extension of the on-shell scheme of the SM: the gauge sector is renormalized in analogy
to [42,43] concerning vector-boson masses and field renormalization; also fermion mass and
field renormalization is treated in an analogous way (see also [44]). For renormalization of the
Higgs sector we take over the approach used in [12], which means on-shell renormalization
• for the h0, H0 tadpoles, yielding zero for the renormalized tadpoles and thus v1,2 at the
minimum of the potential also at one-loop order,
• for all physical masses from the Higgs potential, defining the massesmh0 ,mH0 ,mA0 ,mH±
as pole masses,
whereas Higgs field renormalization is done in the MS scheme. We assign renormalization
constants ZΦi for the two Higgs doublets in (3) and counter-terms for the vi within the
doublets, according to
Φi → (ZΦi)1/2Φi , vi → vi − δvi , (12)
and expand the Z factors ZΦi = 1 + δZΦi to one-loop order. The MS condition yields the
field renormalization constants as follows for all types of models listed in Table 1:
δZMSΦ1 =
∆
32pi2
{ −g2
m2W tβ
(
ξA
0
l
[
m2e +m
2
µ +m
2
τ
]
(1 + tβξ
A
l ) +NCξ
A0
d
[
m2b +m
2
d +m
2
s
]
(1 + tβξ
A0
d )
−NCξA0u
[
m2c +m
2
t +m
2
u
]
(1− tβξA0u )
)
+ (3g2 + g′2)
}
,
δZMSΦ2 =
∆
32pi2
{−g2
m2W
(
−ξA0l
[
m2e +m
2
µ +m
2
τ
]
(tβ − ξA0l )−NCξA
0
d
[
m2b +m
2
d +m
2
s
]
(tβ − ξA0d )
+NCξ
A0
u
[
m2c +m
2
t +m
2
u
]
(tβ + ξ
A0
u )
)
+ (3g2 + g′2)
}
, (13)
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with ∆ = 2/(4−D)−γ+log4pi from dimensional regularization, the color factor NC = 3 for
quarks and NC = 1 for leptons, and the gauge couplings g and g
′. The factors ξA
0
u,d,l can be
found in Table 1. Eq. (13) is a generalization of the work of [12] with respect to the various
Yukawa structures of the 2HDM.
The renormalized self-energy of the SM-like Higgs field h0 is the following finite combi-
nation of the unrenormalized self-energy and counter-terms,
Σ̂h0(k
2) = Σh0(k
2)− δm2h0 + (k2 −m2h0) δZh0 (14)
with the on-shell mass counter-term δm2h0 and δZh0 = s
2
αδZ
MS
Φ1
+ c2αδZ
MS
Φ2
.
Owing to the MS field renormalization, a finite wave function renormalization has to be
assigned to each external h0 in a physical amplitude. This quantity is determined by the
derivative of the renormalized self-energy Σ̂′h0 on the mass shell, given by
Σ̂′h0(m
2
h0) = Σ
′
h0(m
2
h0) + (s
2
αδZ
MS
Φ1
+ c2αδZ
MS
Φ2
). (15)
Application to the one-loop calculation for the fermionic Higgs boson decay h0 → ff¯ yields
the decay amplitude which can be written as follows,
M1 = − igmf
2mW
√
Ẑh0
[
ξh
0
f (1 + ∆M1) + ξH
0
f ∆M12
]
(16)
where
∆M1 = V h0ff¯1 + δ(h0ff¯), (17)
∆M12 = Σh
0H0(m
2
h0)
m2h0 −m2H0
− δα , (18)
Ẑh0 =
[
1 + Σ̂′h0(m
2
h0)
]−1
. (19)
∆M1 is the sum of the one-loop vertex diagrams V h0ff¯1 and the vertex counter-term δ(h0ff¯),
Σh0H0 is the h
0–H0 mixing, δα represents the counter-term for the mixing angle α, and Zˆh0
is the finite wave function renormalization of the external h0 fixed by the derivative of the
renormalized self-energy specified above in (15). Given the fact that the mixing angle α
is an independent parameter, it can be renormalized in a way independent of all the other
renormalization conditions. A simple renormalization condition for α is to require that δα
absorbs the transition h0-H0 in the non-diagonal part ∆M12 of the fermionic Higgs decay
amplitude. Therefore, the angle α is hence the CP-even Higgs-boson mixing angle also at
the one-loop level, and the decay amplitude M1 simplifies to the ∆M1 term only.
The amplitude (16) together with its ingredients is a generalization of the work in [12],
extended to all charged fermions and for the various 2HDM types. ∆M1 contains besides
the genuine vertex corrections the counter-term δ(h0ff¯) for Higgs-fermion-fermion vertex,
which reads as follows,
δ(h0ff¯) =
δmf
mf
+ δZfV +
δv
v
, (20)
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where
δmf
mf
+ δZfV = Σ
f
S(m
2
f )− 2m2f
[
Σ′bS(m
2
f ) + Σ
′f
V (m
2
f )
]
(21)
can be expressed in terms of the scalar functions of the fermion self-energy,
Σf (p) = 6pΣfV (p2) + 6pγ5 ΣfA(p2) + mf ΣfS(p2) , (22)
and the universal part
2
δv
v
= 2
δv1,2
v1,2
= c2β δZ
MS
Φ1
+ s2β δZ
MS
Φ2
(23)
+ Σ′γγ(0) + 2
sW
cW
ΣγZ(0)
m2Z
− c
2
W
s2W
<ΣZZ(m2Z)
m2Z
+
c2W − s2W
s2W
<ΣWW (m2W )
m2W
.
This universality is a consequence of the renormalization condition
δv1
v1
− δv2
v2
= 0 (24)
(see the discussion in [12]), which is also used in the Minimal Supersymmetric SM (MSSM),
see e.g. [50–52]. It is important that the singular part of the difference in the lhs. of (24)
vanishes. The singular part of δv is (δv/v)MS = − 164pi2 (3g2 + g′2)∆, which is equal to the
expression found in the MSSM and constitutes a check of our calculation.
We end this section by showing in Fig. (1) the one-loop Feynman diagrams in 2HDM
for h0 → bb and h0 → τ+τ−, where S stands for (H±, A0, H0, G±) for both decays while F
represents (b,t) for h0 → bb and (τ, ντ ) for h0 → τ+τ−. In the SM limit [23], diagrams (4, 5,
10, 11) and (2, 8) with (S,S)=(H±, G±) vanish. Consequently, the important effects come
from diagrams (1, 2) and (7,8) respectively for h0 → bb and h0 → τ+τ−.
In the present work, computation of all the one-loop amplitudes and counter-terms is
done with the help of FeynArts and FormCalc [53] packages. Numerical evaluations of the
scalar integrals are done with LoopTools [54]. We have also tested the cancellation of UV
divergences both analytically and numerically.
4 Results
Before illustrating our findings, we first present the one-loop quantities that we are interested
in. At one-loop order the decay width of the Higgs-boson into bb and τ+τ− is given by the
following expressions,
Γ1(h
0 → ff¯) = NCαm
2
f
8s2Wm
2
W
β3mh0 (ξ
h0
f )
2 Ẑh0
[
1 + 2<(∆M1)
]
, (25)
where β2 = 1− 4m2f/m2h0 . We will parameterize the tree level width by the Fermi constant
GF , i.e. we use the relation
α =
s2Wm
2
W
√
2GF
pi(1 + ∆r)
≈ s
2
Wm
2
W
√
2GF
pi
(1−∆r) (26)
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Figure 1: Generic one-loop 2HDM Feynman diagrams contributing to Γ1(h
0 → bb) and
Γ1(h
0 → τ+τ−).
where ∆r incorporates higher-order corrections. According to the above relation, the one-
loop decay width eq. (25) becomes
Γ1(h
0 → ff¯) = NCGFm
2
f
4
√
2pi
β3mh0 (ξ
h0
f )
2 Ẑh0
[
1−∆r + 2<(∆M1)
]
= Γ0(h
0 → ff¯)Ẑh0
[
1−∆r + 2<(∆M1)
]
. (27)
To parameterize the quantum corrections, we define the following one-loop ratios:
∆bb =
Γ2HDM1 (h
0 → bb)
ΓSM1 (h
0 → bb) , (28)
∆ττ =
Γ2HDM1 (h
0 → τ+τ−)
ΓSM1 (h
0 → τ+τ−) , (29)
where we also take the SM decay width ΓSM1 (h→ ff¯) with the one-loop electroweak correc-
tions. The two ratios defined above will take the following form:
∆ff =
Ẑh0(1−∆r2HDM + 2<(∆M2HDM1 ))
(1−∆rSM + 2<(∆MSM1 ))
, f = b, τ . (30)
Another observable that could help in distinguishing between models is the ratio of
branching fractions as given by [19],
R = BR(h0 → bb¯)/BR(h0 → τ+τ−) . (31)
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At leading order, this ratio reads as follows,
R = 3
m2b(mh0)
m2τ
×

1 : SM , 2HDM I and 2HDM II
1
tan2 β tan2 α
: 2HDM III
tan2 β tan2 α : 2HDM IV
(32)
where we take the running mass of the b quark at mh. Note that in the alignment limit, the
above ratio R simplifies to R = 3m2b(mh0)/m
2
τ for the SM and for all four 2HDM types.
The ratio R does not depend on the production mechanism of the Higgs boson and is
therefore insensitive to higher-order QCD corrections and also to any new physics that affects
the production process. In addition, this ratio is also less sensitive to systematic errors since
some of them drop out in the ratio.
Let us define the ratio R2HDM/RSM in terms of the quantity
X =
R2HDM
RSM
=
∆bb
∆τ+τ−
, (33)
where we have used the same notation as in [19]. Similar to h0 → bb¯ and h0 → τ+τ−, this
ratio X will be also sensitive to the triple Higgs couplings h0H0H0, h0A0A0 and h0H±H∓ as
well as to the Yukawa couplings. Therefore, this ratio is a discriminating quantity between
SM, 2HDM, MSSM and other SM extensions.
As explained in [19], the combination of the LHC coupling measurements can be used to
extract an experimental determination of the X ratio defined in (33),
Xexp =
Rexp
RSM
=
λ2bZ
λ2τZ
, (34)
where λxy = κx/κy.
Both CMS and ATLAS collaborations provide [55] some values for λbZ and λτZ extracted
from Higgs branching ratios measurements. Taking the following CMS and ATLAS mea-
surements for λbZ and λτZ ,
λCMSbZ = 0.59
+0.22
−0.23 , λ
CMS
τZ = 0.79
+0.19
−0.17 , λ
ATLAS
bZ = 0.60± 0.27 , λATLASτZ = 0.99+0.23−0.19 , (35)
one can get the following experimental values for X:
XCMS = 0.56+0.48−0.52 , X
ATLAS = 0.37+0.36−0.37 . (36)
We have checked with [13, 14]. Our results slightly disagree; presumably the small dis-
agreement is due to the different renormalization schemes. In our discussion, we will use the
following SM set of parameters:
α =
1
137
, mZ = 91.1882 GeV , mW = 80.419 GeV
mτ = 1.77703 GeV , mb = 4.7 GeV , mt = 174.3 GeV
For the 2HDM parameters, in order to simplify our analysis, we consider the alignment
limit of the 2HDM, cos(β − α) = 0, and assume that the heavy states H0, A0 and H± are
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Figure 2: Scatter plot for ∆bb in (mH± ,m
2
12) plane for tan β = 1.5 in the 2HDM type I and
tan β = 1 in the 2HDM II. Right column shows the size of the corrections to the h→ bb.
degenerate, mH± = mA0 = mH0 = mS ∈ [250, 900] GeV for 2HDM type I and mH± =
mA0 = mH0 = mS ∈ [580, 900] GeV for 2HDM type II. The CP-even H0 couplings to gauge
bosons V = W,Z are proportional to cos(β − α) and thus H0V V vanishes in the alignment
limit. The CP-odd nature of A0 does not allow A0-couplings to gauge bosons. Therefore,
limits from ATLAS and CMS [56] on heavy Higgs particles decaying to gauge bosons would
be satisfied. On the other hand, the couplings of H0 and A0 to a pair of τ leptons are
proportional to tan β and cot β, respectively, in 2HDM-(II,III) and 2HDM-(I,IV). It follows
that, in order not to violate LHC data for heavy Higgs-boson decays into τ pairs, one has
to keep tan β at not too large values.
Moreover, in the degenerate case mH± = mA0 = mH0 = mS, the electroweak precision
observables are automatically satisfied, T = 0 and S = 0 [57] due to custodial symmetry
which is preserved for mH± = mA0 . It has been demonstrated recently, that at the 2 loop
level with mH± = mA0 , the extra 2-loop contributions to T still vanish [45].
Therefore, we scan over the following range:
mh0 = 125.1 GeV, tanβ ∈ [1, 30], m212 ∈ [−1× 105, 4× 105] GeV2,
mA0 = mH0 = mH± ∈ [mminH± , 900] GeV, (37)
α is fixed by the alignment limit relation β − α = pi/2. mminH± is greater than 580 GeV for
any value of tan β in 2HDM type II and IV [29, 30] while for type I and III mminH± could be
taken as low as 100 GeV as long as tan β ≥ 2 [31]. In our scan for 2HDM type I we take
tan β ≥ 1.5 which constrains the charged Higgs mass to be heavier than 250 GeV.
We first mention that, in the alignment limit with degenerate heavy Higgs particles, the
overall factor (1−∆r2HDM)/(1−∆rSM) appearing in the ratio ∆ff eq. (30) is close to unity
since ∆r2HDM and ∆rSM becomes similar in such limit.
In Fig. (2) and Fig. (3) we illustrate respectively the ratios ∆bb and ∆τ+τ− in the (mH± ,m
2
12)
plane. The corrections are shown in the right column in percent. In Fig. (2) we show only
type I and II, since in the case of bb¯ type III and IV are respectively similar to type I and
type II. In type II, these corrections are mild and could flip sign depending on the sign of
m212. This means that radiative corrections effects could either enhance h
0 → ff¯ or suppress
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Figure 3: Scatter plot for ∆ττ in (mH± ,m
2
12) plane for tan β = 1.5 in the 2HDM type I and
tan β = 1 in the 2HDM II. Right column shows the size of the corrections to the h→ τ+τ−.
it with respect to SM values. It is clear from eq. (9) that the couplings h0H0H0, h0A0A0 and
h0H±H∓ become stronger for negative m212 where we would expect some large deviation. It
is important to notice also that the h0SS2HDM (S = A0, H0, H±) couplings would vanish for
m212 =
sin 2β
4
(m2h0 + 2m
2
S) , S = A
0, H0, H± . (38)
Accordingly, we expect that for such values of m212 the loop contributions are rather small.
Therefore, as a reference point, we display by a solid line in Fig. (2) and Fig. (3) the parabola
in eq. (38) where the triple h0H0H0, h0A0A0, h0H±H∓ couplings vanish.
In all 2HDM types, for mH± ≥ 580 GeV, the effects on ∆bb and ∆ττ are rather mild in
2HDM type (II,IV) and slightly larger in type (I,III). In fact, for mH0 = mA0 = mH± ≥
580 GeV, the deviation of ∆bb is in the range [−2%, 2%]([−0.5%, 3%]) respectively for 2HDM
type-I (type-II), while in the case of ∆ττ turn out to be in the range [2%, 5%]([−1.5%, 5%])
respectively for 2HDM type-I (type-II). Note that the difference between type I and II is due
to the sign change of ξA
0
d,l couplings in type I with respect to type II. However, for mH± ≤ 400
GeV, which is still allowed by B physics in 2HDM type I and III, one can see that ∆bb and
∆ττ could exceed 10% for negative m
2
12. These large corrections are achieved in 2HDM type
I and III for light charged Higgs bosons as well as for negative m212 where the triple Higgs
couplings h0SS (S = A0, H0, H±) are enhanced. In fact, this enhancement is amplified with
the presence of the four diagrams like (1)-(2) for h0bb¯ and (7)-(8) for h0ττ from Fig. (1) with
S = H0, A0, H± simultaneously lighter than 400 GeV.
On the other hand, for 2HDM type II and IV, if we still keep mH± = 580 GeV or higher in
order to fulfill b → sγ constraint and relax mA0 = mH0 to be less than 400 GeV therefore
these light A0 and H0 can induce some enhancement in ∆bb and ∆τ+τ− which could reach
respectively [−12%, 6%] and [−14%, 5.5%] for relatively light mA0,H0 . The maximum effects
is reached for mA0 = mH0 = 100 GeV and negative m
2
12. The maximum effects is less than
in 2HDM-I and III because in the case of type-II and IV we have only A0 and H0 that could
be in the range [100,200] GeV.
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Figure 4: Scatter plot for ∆bb in (tan β,m
2
12) plane for mH± = 300 GeV in the 2HDM type
I (left) and type II with mH± = 580 GeV (right). Right column shows the size of the
corrections to the h→ bb.
In Fig. (4) and Fig. (5) we show ∆bb and ∆ττ in the plane (tan β,m
2
12) for mH0 = mA0 =
mH± = 300 GeV in 2HDM-I (left) and mH0 = mA0 = mH± = 580 GeV in 2HDM-II (right).
In this scenario perturbative unitarity requests that m212 should be small for large tan β. For
tan β ≈ 1, the allowed range for m212 is [−20, 170] × 103 GeV2 in 2HDM type-II whilst for
tan β = 1.5 the allowed range is [−60, 40] × 103 GeV2 in the case of 2HDM type-I. For ∆bb
the corrections are between -8% → 2% in 2HDM type-I and -1% → 3% in 2HDM type-II
whereas the corrections in ∆τ+τ− are in the range -2%→ 5% (-4%→ 5%) respectively for
2HDM type-I (type-II). As explained before, this difference between type I and II is due to
the sign change of ξA
0
d,l couplings in type I with respect to type II.
As we have seen previously, the 2HDM corrections almost decouple for heavy Higgs masses
around 800 GeV and are of the order 3% and 5% respectively for ∆bb and ∆τ+τ− . The 2%
difference between the two channels can be assigned to the effect of virtual top quarks [10].
In fact, in the case of h0 → τ+τ− the top effect in δv/v and in ∆r add constructively while
in the case of h0 → bb¯ there is also a top contribution coming from the vertex corrections
which cancels part of the universal top contribution in δv/v and in ∆r.
We now proceed to discuss the effects of the triple Higgs couplings on the ratio R defined
through eqs. (33). As explained previously, it is of advantage to consider the ratio-of-ratios
X introduced in eq. (33). The ratio X is illustrated in Fig. (6) as a scatter plot in the plane
(mS,m
2
12) in the alignment limit and with tan β = 1.5 for 2HDM type-I and tan β = 1 for
2HDM type-II. We obtain similar effects for 2HDM type III and IV. It can be read from the
plot that in the 2HDM type-II the ratio X deviates from unity by about 2% at best. This is
of course a consequence of the fact that h0 → bb¯ and h0 → τ+τ− do not receive significant
corrections from hSS in the degenerate case mH0 = mA0 = mH± = mS. In 2HDM type I, we
have seen that h0SS modify the h0 → bb¯ and h0 → τ+τ− decay significantly. This translates
into an effect of the order 5% in the ratio X , which can bee seen for mS ≈ 250 GeV and
negative m212. Notice also that in 2HDM type I, the X ratio is always less than one while in
type II it could be both, larger than one and smaller than one.
On the other hand, in the nondegenerate case, in the 2HDM II with charged Higgs-boson
mass 580 GeV and the neutral heavy states mH0 = mA0 ∈ [200, 400] GeV the ratio X is in
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Figure 5: Scatter plot for ∆ττ in the (tan β,m
2
12) plane for mH± = 480 GeV in the 2HDM I
(left) and mH0 = mA0 = mH± = 580 GeV in 2HDM II (right). Right column shows the size
of the corrections to the h→ τ+τ−.
Figure 6: Scatter plot for X = ∆bb
∆ττ
in the plane (MH± ,m
2
12) for tan β = 1 in the 2HDM-I
and II
.
the range [0.97, 1] which does not deviate too much from the degenerate case.
5 Conclusion
We have evaluated the radiative corrections to the decays h0 → bb¯ and h0 → τ+τ− in the
framework of 2HDM type I, II, III and IV. Such models accommodate in their spectrum a
CP-even Higgs which completely mimic the SM-Higgs-like seen by ATLAS and CMS at the
LHC. We have used an on-shell renormalization scheme for all parameters except for wave
function renormalization of the Higgs doublet which has been done in the MS scheme. We
performed our numerical analysis in the alignment limit of the 2HDM sin(β − α) = 1 for
masses mH0,A0,H± ∈ [250, 800] GeV. We have shown that in type II and IV the electroweak
radiative corrections are rather small once we take into account that the heavy states A0,
14
H0 and H± have a mass greater than 580 GeV while it could be slightly larger for 2HDM
type I and III. We also discussed the impact of the triple Higgs couplings on the ratio of
branching fraction X and show that their effects are rather mild; in the ratio X they are
smaller than in case of the MSSM [19].
We conclude that at the LC, where it is expected that Higgs couplings to fermions can be
measured with percent level precision, it would be possible to distinguish between various
2HDM models by looking at these quantum effects in Higgs observables which are shown
here to be larger than few percent in specific cases.
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